The equality between the spectral, directional emittance and absorptance of an object under local thermal equilibrium is known as Kirchhoff's law of radiation. The breakdown of Kirchhoff's law of radiation is physically allowed by breaking time-reversal symmetry and can open new opportunities for novel non-reciprocal light emitters and absorbers. In this work, we show via simulation that ferromagnetic type-I Weyl semimetals, due to their large anomalous Hall effect, can exhibit large non-reciprocal emittance and absorptance without an external magnetic field by coupling light into non-reciprocal surface plasmons modes. This work points to the applicability of type-I ferromagnetic Weyl semimetals for magneto-optical and energy applications.
intrinsic loss [1] [2] [3] . It has been argued [2, 4, 5] that Kirchhoff's law of radiation is not a required condition for the validity of the second law of thermodynamics in systems that exchange radiative energy, but rather a result of the Lorentz reciprocity theorem [6, 7] . Thus, the violation of Kirchhoff's law of radiation, i.e., non-reciprocity in the spectral, directional absorptance and emittance, is physically allowed, and its realization can open new opportunities for novel light emitters and absorbers for a wide range of radiative applications including solar photovoltaics, thermo-photovoltaics, and antennas [1, 8] Non-reciprocity often arises due to non-zero anti-symmetric off-diagonal elements of the dielectric tensor of the medium, which creates non-reciprocal electromagnetic modes in a medium [9] . One way to create the anti-symmetric off-diagonal elements is by inducing magnetic responses either by the Hall response under an external magnetic field or by spontaneous magnetization in materials, i.e., the anomalous Hall effect [10] . The anomalous Hall effect can originate from extrinsic mechanisms (skew scattering and side-jump scattering) due to impurities and/or the intrinsic mechanism that is closely related to the geometrical properties of the electronic structure known as the Berry curvature. In fact, it is known that the anomalous Hall conductivity due to the intrinsic mechanism is given as the integration of the Berry curvature of the occupied Bloch states in the Brillouin zone [11] .
In magneto-optics, the non-reciprocal transmission and reflection of light realized by magnetooptical materials have been widely studied in photonic and plasmonic devices for optical isolators, circulators, and sensing based on magneto-optical Faraday and Kerr effects [9, [12] [13] [14] [15] [16] [17] . In the context of thermal radiation, the nonreciprocity in directional spectral emittance and absorptance, or equivalently the violation of Kirchhoff's law of radiation, has been proposed by coupling the incident light to non-reciprocal modes created by a magneto-optical material, indium arsenide (InAs) under an external magnetic field of 3T [2] and 0.3T [18] . From a practical point of view, however, large non-reciprocity in the emission and absorption spectra without an external magnetic field is of great interest. However, conventional ferromagnets such as nickel possess a small anomalous Hall response, and thus the non-reciprocity remains small [19] .
Recently, a class of materials called Weyl semimetals that exhibit band touching points near the Fermi level has attracted significant attention [20] [21] [22] . The linear bulk electronic band structure around an even number of band-crossing points called Weyl points, located near the Fermi level, [23, 24] . Since the magnitude of the non-reciprocity is proportional to the ratio of the off-diagonal to diagonal elements of the dielectric functions, the large Hall angle of ferromagnetic Weyl semimetals is expected to create large non-reciprocal wave propagation [28] .
In this work, with an effective model that describes the optical response of Weyl electrons near the Weyl nodes, we show that a class of ferromagnetic Weyl semimetals can be a promising material for non-reciprocal light emitters and absorbers due to its large anomalous Hall effect.
Especially, we show that Kirchhoff's law of radiation can be appreciably broken without an external magnetic field.
Several models of the dielectric function of type-I Weyl semimetals have been proposed. The approach taken in [28, 29] is based on the constitutive relation of the electric displacement field that includes two additional terms describing the anomalous Hall current and the chiral magnetic effect, both of which contribute to off-diagonal terms of the dielectric tensor [29, 31] . These two effects originate from the chiral anomaly, i.e., non-conservation of the number of particles of a given chirality, and is expressed by the so-called axion term in the electromagnetic field action [30] .
If we only consider the Weyl node separation in the momentum space, the contribution from the anomalous Hall effect is +,-= 2 ? | |/ ℏ , where ± is the locations of the Weyl nodes in the momentum space. This intrinsic contribution dominates over the extrinsic contribution as long as the Fermi level is close to the Weyl point [32] . For the diagonal terms, the one-band model that only describes the intra-band contribution [29] as well as the two-band model that includes the inter-band transition [28] are proposed. Recently, the dielectric function of non-centrosymmetric Weyl semimetals TaAs and NbAs, was also calculated from a first-principles approach based on density functional theory [33] and showed good agreements with experiments [34, 35] . The dielectric function is also studied with the Kubo formula for effective Weyl Hamiltonians [36, 37] .
In this work, our modeling of the local dielectric function of a type-I ferromagnetic Weyl semimetal is based on the work [36] in which the optical conductivity is calculated using the Kubo formula for an effective Hamiltonian that describes two connected Weyl cones [38, 39] is more general, we only consider the quadratic terms in K ? and M ? for simplicity as they already capture the essential physics. Assuming that all the Weyl pairs contribute equally to the diagonal terms, the dielectric function is written as and Y2Ir2O7 [41] , and Eu2Ir2O7 [42] , respectively. One source of uncertainty in our model is the dissipative loss, which is formally given as the imaginary part of the electron self-energy and is less straightforward to obtain. In our model of the dielectric function, we estimate the dissipative loss by fitting the DC conductivity obtained from our model at = 0 to the experimentally measured electrical conductivity of Co3Sn2S2 at low temperatures. A longitudinal conductivity of ef~2 × 10 c Ω 45 cm 45 at 2K was reported when the Fermi energy is 60 meV below the Weyl nodes in Co3SnS2 [23, 24] , with which we estimate the dissipative loss to be around = 1.5 meV with YZR[ = 3 in Eq. (1). In our model, the Fermi level is 60 meV above the Weyl nodes, but we assumed particle-hole symmetry, by which the conductivity does not depend on the sign of the Fermi energy. The contribution to the longitudinal conductivity also comes from other bands below the Fermi level and this dissipative loss is an underestimation as the contributions from other bands become larger. At low temperature, the dominant mechanism of scattering is by impurities, and the scattering rate in the Born approximation for the linear band structure scales quadratically with the energy [43] . Thus, for a Fermi level of 100 meV, we assume the dissipative loss to be about = 4.2 meV. Taking these representative dissipative losses, we study the optical responses of ferromagnetic Weyl semimetals. For the anomalous Hall conductivity, the longitudinal conductivity we fitted our model is neither in the so-called dirty metal regime nor the clean metal regime, so we assume that the intrinsic mechanism dominates over the extrinsic contributions. 
where m and n are the ordinary and extraordinary modes, respectively. , respectively. As seen, we expect that the SPPs excitation occurs at around 5.9
THz and 5.3 THz for = +60° and −60°, respectively. In reality, the frequencies will shift due to the imaginary parts of the dielectric function. By tuning the height and thickness of the grating ℎ and , we can design the structure to achieve complete absorption at the incident angle of = −60° as shown in Fig. 3 (b) . The spectral absorptance for the angle of incidence = 60° still shows high absorptance of ~0.8 at about 0.2 THz lower frequency due to the non-reciprocal SPPs.
The geometrical parameters of the structure are stated in the caption of Fig. 3 . Since the structure is semi-infinite and no light transmits, the difference in the spectral absorptance is equivalent to the difference in the reflectance, and thus Kirchhoff's law of radiation is violated [2] . One may expect even larger non-reciprocity at frequencies above 6 THz, as it shows unidirectional dispersion. However, the Weyl semimetal becomes absorptive due to the bulk plasmons at those frequencies as shown in Fig. 3 (a) , and the absorption peaks from non-reciprocal SPPs modes are inundated in the high bulk absorptance. Thus, we must design the structure at the frequencies where the non-reciprocal propagation is evident, yet the Weyl semimetal is not lossy. Similarly, the non-reciprocal emission and absorption spectra can be achieved at the Fermi level of 100 meV as shown in Fig. 3 (d) and (e) with the peak separation of ~0. 
